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1. * NTRODUCTION

It has been shown that penetrator efficiency, i.e. the ratio of penetra-
tion to penetrator length (P/L), increases as the ratio of the penetrator
length to diameter decreases (L/D). This suggests a long rod penetrator
divided in several smaller length segments separated at a distance should
improve performance when performance is measured in terms of total penetra-

tion. This has in fact been verified both analytically2,3'4 and experimen-

tally5 ' 6 '' 8 . Tt is thought that if the separation distance between segments
is optimum that each segment acts as an individual penetratorl thus the total
penetration is the penetration of a single segment times the number of spg-
ments. These increases in performance generally require that the projectile
be fired at greater than present ordnance velocities, i.e. 2 km/s, sparking

interest in guns such as electro-magnetic guns9 which can deliver projectiles
into the hyper-velocity regime.

One researcher, A. ChartersI1 5,7,•
", has conducted a limited number of

experiments of segmented and monolithic penetrators against both semi-infinite
targets and spaced target arrays. The results obtained for normal impact into
semi-infinite 4340 steel show segmented penetrators outperforming their equi-
valent mass and diameter monolithic penetrators by as much as 50 to 60
percent. Although it is believed that segmented penetrators improve perfor-
mance, there is some skepticism about the results obtained in these tests.
This paper documents a series a computer simulations using version 121 of the
HULL finite-difference code examining the results obtained for Charters' 18
gram 7 segment penetrator. Figure 1 shows Charters' results obtained for this
penetrator as well as those of an equivalent mass and diameter monolithic
penetrator.

HULL10'11 is an Fulerian wave propagation code that uses a second order
accurate finite-difference scheme. The material advection scheme is first
order. The code solves the partial differential equations of continuum
mechanics ignoring heat conduction and viscosity terms. The Mie-Gruneisen
equation of state is used to model solids and liquids. After vaporization
occurs the Gamma Law equation is used to model the gas. Explosives can be
modeled using the Jones-Wilkins-Lee equation of state. Material failure
models include: maximum principal stress, maximum principal strain, and the

1PHancock-Mackenzie triaxial failure model . When material failure occurs a
numerically significant void, i.e. air, is introduced in the cell which
permits relaxation of the tensile forces. Recompression is permitted.

Large-scale simulations are well suited for the study of segmented kinetic
energy penetrators, increasing both our understanding of the penetration pro-
cess and supplementing the limited ballistic test data. Furthermore computer
studies permit the examination of segmented penetrators without the typical
problems encountered in ballistic tests such as alignment of the individual
segments, constraints of pre-extended projectile lengths, projectile yaw,
structural integrity of the launch package, and synergistic effects of carrier
tubes or carrier rods (spacers) on overall penetration.
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2. SIMULATION MATRYX

A series of two-dimensional simulations examining the performance of
Charters' 1P gram 7 segment penetrator against a semi-infinite 4340 steel tar-
get have been conducted. A similar segmented penetrator without carrier rods
has been modeled to characterize the effects of striking velocity (3, 3.4, and
4.0 km/s), spacing to diameter ratio, S/D, (1.4, 2, and 3); and the carrier
rods on penetration performance. Penetrator performance is also compared to
that of an equivalent mass and diameter and an equivalent mass and length mono-
lithic penetrator for various striking velocities. Single segments were
modeled to determine the maximum penetration possible at a given striking
velocity. The complete computational matrix is given in Table 1.

The penetrator geometry used by Charters, Figure 2, was obtained by

G. Silsby in a conversation with Charters 1 3' 1 4 and later verified in a
15

letter . The S/D ratio was actually greater than unity, see Figure 1 and 2,
and is approximately 1.38. The geometry of the penetrators used in the simula-
tion are shown in Figure 3. The S/D ratio for the segmented penetrators was
increased to 1.4 to allow for an integer number of cells between segments. The
titanium connectors were not modeled because cell sizes needed to sufficiently
resolve them would increase the problem size significantly. Also, due to their
small mass and density, it is assumed that they caused no significant contribu-
tion to penetration.

in an effort to preserve material interfaces and minimize material diffu-
sion typically encountered in Eulerian codes, a constant cell size was used in
the axial direction. To keep problem size down a rezoner option was used. The
rezoner causes the mesh to translate at the velocity defined by a Lagrangian
tracer particle embedded in the front of a projectile. The segments consisted
of 12 cells across the radius and 25 across the length, excluding spacers.
Spacers had 4 cells across their radius. To keep track of the segments Lagran-
gian tracer particles were embedded in the front an rear of each segment and
also in the front and rear of monolithic penetrators.

The hydrodynamic behavior of the metals were modeled using the Mie-
Gruneisen equation of state. The coefficients for the equation data were

obtained from the HULL Users Manual

An incremental elastic-plastic formulation following the description given
16

by Wilkins is used to describe the strain response of the metals. Anelastic-perfectly plastic model has been used for the 4340 steel with a 11.4

kb 17 yield strength. An elastic-strain-hardening-plaatic model was used for

the tungsten with a yield strength of 14.0 kb 18 and an ultimate strength of

19.3 kb1* A complete listing of the material properties and equation of

state data are provided in the Appendix.
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Table 1: SIMULATION MATRIX

Problem No. Velocity N* S/ID Mus Length Length* Penetration
(km/,) (g) (Cm) (cm) (cm)

10.1788 3.4 7 1.4 17.5594 3.8780** 8,5318 11.80

10.1088 3.4 7 1.4 18.1720 3.8780 8.5315 0.409

10.2088 3.4 1 0.0 18.1720 3.8780 8.8780 7.241

10.2188 3.4 7 2.0 16.1720 3.8780 10.52W 9.785

10.2288 3.4 7 3.0 10.1720 3.8780 13.8500 0.891

10.2388 3.4 1 0.0 2.3103 0.5540 0.5540 1.427

10.2488 3.0 7 1.4 15.1720 3.8780 8.5310 8M715

10.2588 4.0 7 1.4 18.1720 8.8780 8.6315 10.50

10.2788 3.4 1 0.0 18.1714 8.5318 8.5318 13.07

10•288 4.0 1 0.0 18.1714 8.5318 8.5316 14.80

11.018S 3.0 1 0.0 2.3lW4 0.5540 0.5540 1.307

11.0288 4.0 1 0.0 2V103 0.5540 0.5540 1.618

11.0388 4.0 1 0.0 18.1720 3.8780 3.8780 8,174

11.1088 B.0 1 0.0 16.1720 3.8780 3.8780 8.431

* Note: NuI implies amonolithic rod.
Length implies ovetral length.

"**Note: Length dues not include contribution of spacers.
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2. RESULTS AND DTSCUSSICN

3,1 Effects of Carrier Rods

The simulation predicts the segmented penetrator with carrier rods will

penetrate 11.8 cm of semi-infinite 4340 steel. This i.: in excellent agreement

with Charters' experiment in which a penetration of 11.8 cm was obtained. The

mass of the penetrator in the simulation was 17.56 grams. The penetrator used

in experiment had a mass of 18.35 grams including the stablizing flare and

17.9z excluding the flare. The segmented penetrator without carrier rods had

a mass of 16.17 grams or 7.9 percent less mass than the segmented penetrator

with carrier rods used in the simulation. Since the mass of the carrier rods

is small when compared with that of the penetrator, it seems reasonable that

their contribution to penetration is also small. This, however, was not the

case. The penetration for the penetrator without carrier rods was 9.5 cm or

19.5 percent less than that of the penetrator with carrier rods.

3.2 Monolithic vs. Segmented Penetrators

The performance of the segmented penetrator without carrier rods was com-

pared to the performance of two equivalent mass monolithic penetrators. One

had the same mass and diameter as the segmented penetrator and the other had

the same mass and overall length, No comparisons between experiments exist

for the segmented penetrator without carrier rods or the equivalent mass and

length monolithic penetrator. However, good agreement exists between results
obtained in experiment and simulation for the equivalent mass and diameter

monolithic penetrator and the segmented penetrator with carrier rods, see

Figure 4. The mass of the monolithic penetrator used in the experiment was

approximately 19 grams or about 17 percent greater the that used in the simu-

lation. Based on the good agreement obtained between experiment and simula-

tion, it is estimated that the predicted results for which no experimental data
exist, are within 10 percent of actual values.

Figure 4 shows a predicted increase in peretration of 31 percent for the

segmented penetrator and 80 percent for equivalent mass and length monolithic

penetrator over the equivalent mass and diameter monolithic penetrator at 3.4

km/s. The performance of the equivalent mass and length penetrator shows a

predicted 11 percent increase in penetration over the segmented penetrator with

carrier rods even though the segmented penetrator has 8.6 percent more mass.

3.3 Segment Spacing

The penetrator ef'ficiency, penetration per unit penetrator length,

increases as the length-to-diameter ratio, I/D ratio, decreases. This means

that a penetrator with a L/D ratio of 7 cut into seven segment with a L/D

ratio of 1 and separated at a distance should improve penetrator performance,

when measured in terms of' total penetration. Tn theory, if the separation dis-
tance is at optimum the maximum penetration for a particular segmented penetra-

tor is the penetration obtained by a single segment times the total number of

segments. To determine the optimum spacing the segment penetrator without

carrier rods was studied for spacing-to-diameter ratios, S/D ratios, of 0, 1.4,

2.0 and 3.0 at 3.4 km/s, Result.c were compared with the maximum penetration

obtainable based on a single segment calculations. Results are given in
Figure 5.

7
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Figure 5 shows that the maximum possible penetration, given an infinite
spacing, is 10.0 cm. Large increases in penetration are seen as the S/D ratio
is increased from 0 to 1.4. The increase in penetration going from a S/D ratio
of 2 to 3 is about 1 percent. At an S/D ratio of 3 the predicted penetration
is within 1 percent of the predicted maximum. When the maximum predicted pene-
tration is compared with that of the segmented penetrator with carrier rods it
is still 15 percent less.

The segmented penetrator without carrier rods and S/D ratio of 1.4 was also
studied at velocities of 3.0, 3.[ and 4.0 kmis. Results were compared with the
maximum possible penetration based on single segment calculations, see Figure
6. The difference in predicted penetration and maximum predicted penetration
at 3.0, 3.4 and 4.0 km/s is 5.0, 5.2 and 7,0 percent, respectively. This
trend seems to indicate that a larger S/D ratio is needed at higher velocities.

3.4 Use of P/L as Penetration Measure

The use of penetration efficiency, penetration per unit length penetrator,
is frequently used as a measure of penetrator performance, This is generally
a good measure when used in the discussion of monolithic penetrators. However
it can be ambiguous when discussing segmented penetrators. Typically in the
discussion of segmented penetrators the length used in P/L is that of the
equivalent mass and diameter monolithic penetrator. However, most segmented
penetrators are launch pre-extended using either carrier rods or carrier tubes.
Therefore a more natural selection of length would be the overall penetrator
length,

Figure 7 shows the result predicted in the simulations for the segmented
penetrator without carrier rods and the equivalent mass monolithic penetrators
in terms of P/L where L is the length of the equivalent mass and diameter mono-
lithic penetrator. The iquivalent mass and length penetrator has the lowest
penetrator efficiency, yet it out performed the others in terms of total pene-
tration. The segmented penetrator is shown to be the most efficient. In
Figure F the overall or launch length was used to determine P/L. Here the
efficiency of the monolithic penetrators remains the same but the segmented
penetrator is the least efficient.

Figure 9 shows P/L as a function of S/D. It can be shown, depending on the
choice of length that penetration efficiency either increases or decreases with
increasing S/D ratio. If length is taken to be that of a equivalent mass and
diameter monolithic penetrator P/L increases with increasing S/D ratio. How-
ever, if overall length is chosen then P/L decreases with increasing S/D ratio.

4. CONCLUSIONS

4.1 The contribution to penetration of the carrier/spacer rods is signifi-
cant. The results show closer agreement to the equivalent length monolithic
penetrator than to that of a true segmented penetrator. The carrier rods have
the effect of making the segmented penetrator behave more like a continuous
rod than a segmented one.

I0
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1, P Of the penpt.retor configurations studied, the equivalent mass c.md
length penetrst.or outperformed all. others when measured in terms of penetra-
tion, This sugesta t.hat in many cases a monolithic penetrator can be more
effn.tive than ; segmerted one. The segmented penetrator has greater penetra-
tion than Pquivnient mass and diameter monolithic penetrators,

J',? Tncreasing the spacing-to-diameter ratio increases the performance of
segmented rods measured in terms of penetration, The optimum spacing for the
segmented penptrnior studied is between 2 and 3 diameters at a striking vel.o-
city of 9 L km/s. Results suggest thpt Increased spacing is needed at higher
velocities to maintain optimum performance.

4.h The use of penetration efficiency, the ratio of penetration to
penetrstor length (P./L), is not a good Indicator of penetrator performance for
segmented penetrators. Depending on the interpretation of length, monolithic
or overall, conflicting conclusions can be drawn,

15 Next page is blank.
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"A.PPENL)IX

hNaterial Properties a•d L.' uanuo of State Data

440 V't TUNGSTEN

Ambient density (i/cc) 7 86 17.3

Ambient sound speed (cmn/) 4 blel 4.065

Shock velocity, particle velocity flo e 1 73 1 260

Initial Gruneisen ratio 1.69 1.43

Minimum Pressure (dynes/cm2'2) -31,e9 .10.-t

1`isson's ratio 0.26 03

Atomic weight 6b 80 184.

De3ye' temperature (K) 475 2•0

Vapor coefficient 0 n. 0 2

A mblieat energy per unit mass (erl/g) 0 U 00

Ambient melt energy per unit mast (ergs/d) 7.4ev 4 77eg

Fusion energy per unit mass (erps/u) .1.7 4en 1.4e09

Sublimation energy per unit mans (rps/gl 74.2e9 46.e0

A mbient vaporisstion energy per unit ram; Ieig /g) 22.4t9 13 6e

Ambient energy per unit mass at ead of vai• on o soeg 63 4e09
(eris/g)

Initial yield strength (dynep/cmo.s) 11.4eD 14.eg

Saturation yield strength (dynest/cuie.s) 11 409 19 3eo

Plutic strain at saturation yield strength 001 03

Yield strength ratio for first point on thermal I10 1.0

softening curve

En.rgy ratio for first point on thenital sofwt uiug 0.6 0.6
curve

Yield strength iatio for second point on thermal 1 0 1.0
softening curve

Energy ratio for second point on therma, softeifig 1.0 1.0

curve

Second coefficient in Hugoniot pressure curve 0.0 0.0

Third coefficient in Hugoniot piessiire curve 0.0 0.0

Ultimate failure stress I.e60 I.es0

Ultimate failure strain 016 1 0.10
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